Introduction
The lidar is a useful instrument for observing the vertical distribution of aerosols and clouds. National Institute for Environmental Studies (NIES) has continued observations since 1999 using a two-wavelength polarization lidar onboard the research vessel Mirai of the Japan Agency for Marine-Earth Science and Technology (JAMSTEC) (Sugimoto et al. 2001 Iwasaki et al. 2004) . The purpose of the observations is to obtain the spatial distribution and optical characteristics of aerosols and clouds for studying the effects on climate and the environment.
In this paper, we report on the optically very thin unusual layers at altitudes of about 19 km observed with the shipboard lidar over the tropical western Pacific on two occasions in the MR04-08 Leg2 cruise in February 2005. The signals from the layers were detected at both of the two wavelengths of the lidar, and they were not observed on other days and in other regions. Also, the altitudes of the signal peaks varied temporally. From these facts, we concluded that the signals were not noise but the backscattered light from some scatterers. In order to investigate the characteristics of the layers, we derived the scattering ratio, the particle depolarization ratio, the backscatter-related Ångström exponent, and the optical thickness from the lidar data. From the report on volcanic eruptions and the wind profiles, we found that the origin of the layers was the eruption of Manam volcano. Trajectory analysis also described the situation.
Observation
We installed a two-wavelength Mie-scattering lidar with depolarization measurement function in the container on the research vessel Mirai and performed the observation of aerosols and clouds over the western Pacific during the MR04-08 Leg2 cruise from Palau (14 Jan. 2005) to Japan (17 Feb. 2005) . The cruise track is shown in Fig. 1 . Before this cruise, the stationary observations were conducted at 7.5°N, 134°E during the MR04-08 Leg1 cruise from 15 Dec. 2004 to 10 Jan. 2005.
The lidar uses a Nd:YAG laser operated at 1064 nm and 532 nm as a light source. The signal at 1064 nm is detected with an analogue-mode avalanche photo diode (APD), and two polarization components of the signals at 532 nm are detected with two photo-multiplier tubes (PMTs). The detected signals are digitalized with a 12-bits transient recorder. The range resolution is 3.75 m. The lidar signals are accumulated for 10 seconds (100 shots) and stored on a hard disk. The lidar measurements provide vertical profiles of the backscattering coefficients at 1064 nm and 532 nm, and the depolarization ratio at 532 nm. The depolarization ratio is useful to infer the shape of scatterers. The wavelength dependence of the backscattering coefficient gives the information on the size of scatterers.
During the MR04-08 Leg2 cruise, the signals of the unusual layers were detected twice at about 19 km altitudes in the regions indicated with the red squares in Fig. 1 . First appearance was in the region of 0 2°N, 156°E from 1620 UTC 3 Feb. to 1440 UTC 4 Feb., and second one was in the region of 7 9°N, 156°E from 2210 UTC 9 Feb. to 1150 UTC 10 Feb. The local time was 10 hours ahead of UTC (Coordinated Universal Time). Cirrus clouds below 17 km were frequently observed in the tropics during this cruise.
Analysis and results
We first averaged the range-corrected lidar signal data for 10 minutes with the range resolution of 75 m. Since the signals in the parallel polarization channel at 532 nm were affected by the signal-induced noise (SIN) of the PMT at high altitude ranges, we applied the SIN reduction method to the measured signals (Iikura et al. 1987 ). Then we derived the vertical profiles of the particle backscattering coefficients at the altitude ranges between 10 km and 20 km by using Fernald's inversion algorithm (Fernald 1984) with an assumption of constant lidar ratio or extinction-to-backscatter ratio S1. The boundary condition was fixed at 17.3 km for 532 nm and at 8 km for 1064 nm as aerosol free altitudes, and we applied backward and forward inversion methods to below and above the height. The molecular backscattering coefficient was estimated from the mean air density profile obtained from the radiosonde observations, which performed every 3 hours during the MR04-08 Leg1 cruise. We used S1 = 20 sr at both 532 nm and 1064 nm based on the retrieval statistics for cirrus clouds data obtained from the LITE (Lidar Inspace Technology Experiment) (Vaughan 2004) .
We investigated the optical properties on the scattering ratio at 532 nm (SR), the particle depolarization ratio at 532 nm (PDR), and the backscatter-related Ångström exponent (BAE) following the method described by Shibata et al. (1997 total (particle + molecular) to molecular backscattering (Browell et al. 1990 ):
where p532 and m532 are the particle and molecular backscattering coefficient at 532 nm, respectively. The SR is used to separate the particle and molecular contributions in backscattered light and identify the presence of scatterers. The time-height cross sections of the SR for the periods of the unusual layer appearances are shown in Fig. 2 . We masked the periods that the signal intensity was not sufficient because of clouds or light rains below 10 km. The unusual layers were seen at altitudes of 17.9 19.5 km with thickness of 0.3 1.4 km on 3 4 Feb. (Fig.  2a) , and at altitudes of 18.4 19.6 km with thickness of 0.2 1.0 km on 9 10 Feb. (Fig. 2b) . The center altitudes of the layers varied between 18.5 19.1 km and 18.8 19.1 km, respectively. The cirrus clouds with thickness less than 4.1 km were constantly seen at altitudes of 12.3 17 km. The mean values of SR in the unusual layers were small (1.8 and 2.2), whereas those in the cirrus clouds were large (4.3 and 4.9).
In order to determine the depolarization ratio of particles, the contribution from molecules needs to be removed. We applied the PDR as follows (Browell et al. 1990; Liu et al. 2002) :
where SR is the scattering ratio, and m are the total and molecular depolarization ratio, respectively. The total depolarization ratio is defined as = P /P , where P and P are the perpendicular and parallel polarized signal intensity at 532 nm. Here we used 0.014 as the molecular depolarization ratio (Young 1980) . The timeheight cross sections of the PDR are shown in Fig. 3 . The PDR is an indicator of the nonsphericity of particles. The mean PDR in the unusual layers were 0.25 and 0.24, while those in the cirrus clouds composed of nonspherical ice particles were 0.56 and 0.67. The BAE describing the wavelength dependence of the particle backscattering coefficient is written as:
where p1064 and p532 are the particle backscattering coefficient at 1064 nm and 532 nm, respectively. The timeheight cross sections of the BAE are shown in Fig. 4 . The BAE is a measure of the particle size, i.e., BAE is usually larger for the smaller particles. The mean BAE in the unusual layers were 0.8 and 1.3, while those in the cirrus clouds were 0.6 and 0.1. This suggests the unusual layers were composed of submicron-sized particles. The optical thickness is also calculated from the integral of the extinction coefficient at 532 nm. We calculated the optical thickness from 17 km to 20 km and from 10 km to 17 km. The optical thickness of the upper layers varied between 0.0001 and 0.01 with mean value of 0.002 and standard deviation of 0.001. The mean value of the lower layers was 0.08 with standard deviation of 0.05, which was larger than 0.03 which is the criterion for so-called subvisual cirrus (Sassen and Cho 1992) .
Discussion
We examined the temperature profile from the atmospheric sounding data from Mirai (7.5°N, 134°E), and Ponape (6.96°N, 158.21°E) taken from the University of Wyoming website (http://weather.uwyo.edu/upperair/ sounding.html) (Fig. 5a) . The coldest tropopause temperature was about 190 K at around 17 km, and the temperature in the stratosphere increased to about 200 K at around 19 km. There are previous reports on cirrus clouds at about 19 km (Omar and Gardner 2001) and the presence of ice particles around the tropopause at about 19 km (Herbig and McHugh 2002) . However, in the present case, the height of the unusual layers is obviously higher than the tropopause (17 km), and the top of We investigated the reports on volcanic activities and found there were large eruptions of Manam volcano (4.10°S, 145.06°E) on 27 28 Jan. 2005. Manam is one of the three most active volcanoes in Papua New Guinea, and the ongoing volcanic activity had continued since Oct. 2004. The infrared Aqua/MODIS (Moderate Resolution Imaging Spectroradiometer) image (taken at 1535 UTC 27 Jan.) indicates that the ash clouds reached to over 20 km altitude into the stratosphere by the 27 Jan. eruption. Following this eruption, the ash clouds of the 28 Jan. eruption ascended to 18 km altitude (Smithsonian Institution 2005) .
In order to confirm the transport path of volcanic emissions from Manam volcano eruption, the forward trajectory analysis by isentropic method was performed using objective analysis data by the Japan Meteorological Agency (JMA) (Fig. 6) . The result of trajectory analysis and the sounding data at Moment W.O. (2.06°S, 147.43°E) show that most emissions in the troposphere were transported westward by the monsoon wind, but the emissions reaching to about 19 km altitude were slowly transported eastward by the westerly wind. According to the sounding data at Ponape, the wind speed and direction at near 19 km in the vicinity of the stratospheric layer appearances were supposed to be weak and westerly or meridional, whereas strong easterly at lower altitudes (Fig. 5b) . The weakness of the winds at near 19 km could be interpreted as follows: The phase of the QBO in the equatorial stratospheric zonal wind changed from westerly to easterly in early this year. During the periods of the stratospheric layer appearances, the QBO phase above 23 km had already been in easterly, whereas the phase at 18 23 km had been in the transition from westerly to easterly. This would cause the wind minimum at near 19 km. As a result, the volcanic emissions which penetrated into the lower stratosphere were transported eastward and happened to deposit at the altitudes of weak wind.
We reanalyzed the lidar data by applying the S1 of stratospheric volcanic aerosols to the stratospheric layers. The S1 values are 20 sr at 532 nm and 60 sr at 1064 nm based on the analysis of stratospheric aerosols in late 1982 after the El Chichón eruption (Jäger and Hofmann 1991) . The difference of the BAE by changing the S1 is less than 2%. The mean vertical profiles of SR, PDR, and BAE with standard deviations for the periods of the stratospheric layer appearances are shown in Fig.  5c e. The center altitudes and the thickness of the stratospheric layers were different slightly between two periods, however the optical properties were similar. Therefore, the origins of the stratospheric layers are the same volcanic aerosols. Also, the large BAE indicates the size of particles were small.
The sulphur dioxide (SO2) emissions from the eruptions of Manam volcano were estimated to be 235,000 tons from the report by the Darwin Volcanic Ash Advisory Centre (VAAC) website (http://www.bom. gov.au/info/vaac). Most of SO2 are transformed into sulfuric acid (H2SO4). The moderate PDR and the large BAE suggest that the stratospheric layer was composed of sulfuric acid aerosols with ash or other irregular particles. The PDR values are larger than those of previous studies for volcanic aerosol layers in the stratosphere (Hayashida et al. 1984) . This is due to a larger amount mixing of mineral particles because of the observations soon after the eruption. The eruption of Mt. Pinatubo in the Philippines (15.14°N, 120.35°E) on 15 Jun. 1991 produced the largest stratospheric volcanic aerosols in the last century. About 20 megatons of SO2 were injected into the stratosphere (Bluth et al. 1992) , that caused a global cooling effect (Minnis et al. 1993) . The eruptions of Manam volcano was about 85 times smaller than the Mt. Pinatubo eruption and probably does not have a significant effect on the radiative properties in the global scale. The observation reported in this paper, however, revealed interesting features of the transport in the lower stratosphere during the change of the QBO phase. Also, a good example of the optical characteristics of the stratospheric volcanic aerosols soon after the eruption was obtained by this work. 
